Using neutron scattering, we investigate the effect of a magnetic field on the static and dynamic spin response in heavily underdoped superconducting YBa2Cu3O6+x (YBCO6+x) with x=0.33 (Tc=8 K) and 0.35 (Tc=18 K). In contrast to the heavily doped and superconducting monolayer cuprates, the elastic central peak characterizing static spin correlations does not respond observably to a magnetic field which suppresses superconductivity. Instead, we find a magnetic field induced resonant enhancement of the spin fluctuations. The energy scale of the enhanced fluctuations matches the Zeeman energy within both the normal and vortex phases while the momentum dependence is the same as the zero field bilayer response. The magnitude of the enhancement is very similar in both phases with a fractional intensity change of (I/I0 − 1) ∼ 0.1. We suggest that the enhancement is not directly correlated with superconductivity but is the result of almost free spins located near hole rich regions.
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I. INTRODUCTION
The cuprate superconductors are all based on doping charge into the magnetic CuO 2 planes of a Mott insulator.
1,2,3 A direct interplay between the magnetism of the Cu 2+ spins and the electronic response occurs for hole doped cuprates where long-range antiferromagnetism is suppressed in favor of superconductivity at a critical hole concentration of p c =0.055. 4, 5 Whether antiferromagnetic fluctuations can account for the pairing mechanism in the cuprates is still a matter of debate although many studies have shown that antiferromagnetism and superconductivity are indeed coupled.
6,7
The application of a magnetic field allows the superconducting order parameter to be suppressed continuously without change in the chemical composition. Much work has been done on the monolayer La 2−x Sr x CuO 4 (LSCO) system where the effects of a magnetic field vary with hole doping. It is by no means obvious, based on the available data, that the entire hole doping phase diagram is described by a common response with a universal physical origin. For lightly doped, non superconducting and insulating concentrations, a magnetic field was found to suppress the elastic scattering and was associated with a reorientation of the Cu 2+ spin direction. 8 Within the superconducting phase of nearly optimally doped LSCO and oxygen ordered La 2 CuO 4+y an enhancement occurs in the static long-ranged antiferromagnetism on application of a magnetic field. 9, 10, 11, 12 Few results have been reported for less than optimally doped compositions which are superconducting, although one study on La 2−x Ba x CuO 4 (LBCO) x=0.095 showed no change in the elastic scattering in a magnetic field. 13 Initially, the increase in magnetic order for heavily doped samples was suggested to be the result of antiferromagnetism within the vortex cores (Ref. 14) . It has since been argued that the results are better described in terms of the close proximity of a quantum critical point separating a purely superconducting phase from a phase where superconductivity and spin density wave order coexist.
15,16
This model predicts that there is an upper hole concentration where a threshold field is required before an enhancement of antiferromagnetism occurs as has been observed experimentally. 17 The doping and magnetic field dependence summarized here has been reconciled by a combined muon and neutron study of LSCO near a hole doping of x ∼ 1/8. 18 The enhancement of static antiferromagnetism was measured to be most pronounced near hole concentrations of 1/8 with the enhancement decreasing with lower doping. It was concluded that the effect of the field is to drive the system toward the 1/8 ground state.
In comparison to the monolayer cuprates, relatively few magnetic field experiments have been reported on the bilayer YBCO 6+x system. On suppressing superconductivity with a magnetic field in YBCO 6.6 , a concomitant decrease in intensity of the inelastic resonance peak was observed with the field rotated ∼ 21
• from the [001] axis. 19 The possibility of ordered magnetism within the vortex cores has been investigated in optimally doped YBCO 7−δ (T c =90 K) with the field aligned along the [110] direction and some evidence was claimed for weak ferromagnetic ordering. 20 There has been little work on the effects of a magnetic field on the excitation spectrum or the static magnetism in hole doped cuprates beyond the monolayer system described above.
We have carried out neutron inelastic scattering studies of the entire spin excitation spectrum of heavily underdoped superconducting YBCO 6+x . 21, 22, 23, 24 While the heavily doped YBCO 6+x exhibits a well defined resonance peak and low-energy incommensurate scattering 25, 26, 27 , the inelastic spectrum in heavily underdoped and superconducting YBCO 6+x is very different and several studies have been devoted to intermediate oxygen concentrations. 28, 29 In YBCO 6.35 (T c =18 K) and YBCO 6.33 (T c =8 K), the low-energy magnetic response consists of a central peak and a broad inelastic feature peaked athω ∼ 2 meV. As established in YBCO 6.35 ,
23
the central peak sets in over a broad temperature range while the low-energy spectral weight is suppressed over a similar temperature range suggesting that spectral weight is conserved with the central peak intensity being removed from low-energy spin fluctuations.
We now describe how the spin fluctuations in heavily underdoped superconducting YBCO 6+x respond to magnetic fields that suppress the superconducting order parameter. We find no observable response of the elastic central peak to a magnetic field both within the vortex and normal states. Instead we demonstrate that a resonant enhancement of the low-energy spin fluctuations takes place at an energy scale similar to the Zeeman energy. We speculate that this effect is due to the magnetization of weakly coupled spins located near hole rich regions where exchange fields are small.
II. EXPERIMENT

A. Sample and instrument details
Measurements were made on two systems. The first sample studied on SPINS (National Institute of Standards and Technology, NIST) consisted of seven ∼ 1 cc crystals of YBCO 6.35 (T c =18 K) coaligned in the (HHL) scattering plane. A second set of measurements was conducted at FLEX (Helmholtz Zentrum Berlin, HZB) with four ∼ 1 cc crystals of YBCO 6.33 (T c =8 K) also coaligned in the (HHL) scattering plane. The YBCO 6.33 (YBCO 6.35 ) materials were orthorhombic with lattice constants a=3.844 (3.843)Å, b=3.870 (3.871)Å and c=11.791 (11.788)Å from which a hole doping of p=0.055 (0.060) was derived based on the lattice constants and superconducting transition temperatures.
30,31
The magnetic field directions on SPINS and FLEX cold triple axis spectrometers were vertical and horizontal respectively. The SPINS results were for YBCO 6.35 (T c =18 K) in a 11 T vertical field with the field aligned along the [110] axis. In the FLEX experiment a 6 T horizontal magnetic was aligned along the [001] axis of YBCO 6.33 (T c =8 K). In both experiments the monochromators were vertically focussed PG(002) crystals. SPINS data were collected with a final energy of E f =3.7 meV and a beryllium oxide filter was placed after the sample in parallel with a radial collimator. The analyzer was • acceptance. The latter configuration gave a large gain in intensity (with a loss in momentum resolution) and was used for the magnetic field experiment on SPINS.
horizontally focussed PG(002) with a 5
• acceptance. On FLEX, the final energy was E f =2.9 meV with a beryllium filter placed before the sample. The PG(002) analyzer was horizontally focussed with a 3
• acceptance for the inelastic scattering and was flat with a collimation sequence of guide-60 ′ -S-60 ′ -open for elastic scattering. The energy resolutions defined as the full-width at half maximum at the elastic line were δE=0.08 and 0.14 meV for the FLEX and SPINS experiments respectively.
Initial zero field data on YBCO 6.35 were taken on SPINS with a flat analyzer and E f =2.9 meV. This configuration worked well for characterizing the low-energy spin fluctuations at zero field, but we found a large gain in intensity by selecting a configuration with E f =3.7 meV and a horizontally focussed analyzer. A comparison ( Fig.  1 ) normalized by counting time illustrates a significant gain in the integrated intensity at the cost of coarsening the momentum resolution (denoted by the horizontal bars). The horizontally focussed analyzer configuration was chosen both at SPINS and FLEX to determine the magnetic field dependence of the low-energy Cu 2+ spin fluctuations.
Because of the Meissner effect, superconductors experience large forces when placed in a changing magnetic field. In all experiments the sample was heated to 30 K (well above the onset of superconductivity in both concentrations) before any change in field. To check whether the sample had moved, the filters were removed and the (1,1,4) Bragg peak was scanned using λ/2 neutrons at the same spectrometer angles where the magnetic scattering was measured. While no change was observed in the nuclear Bragg peaks in the SPINS experiment, temperature independent changes of up to 10% of the Bragg peak intensity were observed in the FLEX horizontal field experiment. This change in intensity followed the same trend with field as did the elastic scattering. Because of the larger error bars, this effect was not noticeable for the inelastic scans. The conclusions were drawn from elastic scans with the horizontal magnetic field aligned both along the [001] and [001] axes. They showed opposite effects on the elastic intensity of the (114) nuclear peak and the (1/2 1/2 2) elastic magnetic peak of equal proportion. We have corrected the elastic magnetic scattering (Fig. 4) for the nuclear Bragg peak intensity in a field. As an extra precaution, all inelastic data from FLEX are an average between the field aligned along the [001] and the [001] axes.
B. Magnetization in cuprate superconductors
While the field orientation and transition temperatures (and hence critical fields) in the experiments are different, the actual magnetization along the [001] direction is likely to be very similar. This can be seen from torque magnetometry in YBCO 6+x and Bi 2 Sr 2 CaCu 2 O 8+x where even a small component of the field along the [001] axis can result in a significant magnetization along c. 32, 33, 34, 35 This arises because screening currents prefer to form in the a − b CuO 2 planes rather than with a component along c. In the regime H c1 << H << H c2 , the ratio of the transverse (M T , perpendicular to the field direction) to longitudinal (M L , parallel to the field direction) magnetization has been found to be given by
where γ is the effective mass ratio m L /m T and θ is the angle of the applied magnetic field with respect to the [001] axis. 35 Experiments on optimally doped
33 Experiments on Bi 2 Sr 2 CaCu 2 O y gave a much larger value of 280 ± 20.
32, 34 The most relevant experimental work on the magnetic penetration depth in heavily underdoped YBCO 6+x shows that the anisotropy increases with decreasing doping and reaches γ ∼ λ c /λ ab ∼ 100 in the region of the present experiments. 36, 37, 38 For the [110] field experiment on YBCO 6.35 , the crystal axes and field direction were only oriented within ± 1.5
• being determined largely by the mosaic spread of the samples. Substituting γ=100 and θ=88.5
• in the above 6.33 (T c =8 K), the upper critical field is estimated to be 4 ± 0.5 T (at 1.5 K) for the field applied along the c axis. Therefore, for the horizontal field experiment conducted on FLEX with 6 T applied along the [001] axis of YBCO 6.33 the samples were in the normal state. The SPINS experiment on YBCO 6.35 with a vertical field of 11 T, however, the material was in the vortex state.
The low-energy spin response of YBCO 6.35 to an 11 T field aligned near the [110] direction is illustrated in Fig. 2 . The previously published zero field results are displayed in panel a) and the field subtracted data determined at lower resolution are plotted in panel b). On application of a field, a resonant enhancement at ∼ 0.6 meV is observed at low-energies. The relative increase at E=0.6 meV at 11 T was measured to be I(H)/I(0) − 1 ∼ 0.1 (derived from scans in momentum similar to those displayed in Fig. 3 and Fig. 1 ). The field induced resonance is not resolution limited (as indicated by the horizontal resolution bar) and indicates strong damping.
To investigate how the intensity changes as a function of momentum transfer, we conducted constant E=0.6 meV scans along the [001] direction. The scan along (1/2,1/2,L) is sensitive to the sign of the spin correlations along the c-axis. Magnetic scattering indicative of ferromagnetic spin correlations between nearest neighbor planes would result in scattering at L=0, whereas a nonzero cross section at L ∼ 1.7 is characteristic of antiferromagnetic correlations as shown in Fig. 3 . The solid and dashed lines through the data are fits to the following,
Here A is an amplitude, (1 − 2z) represents the bilayer spacing with z=0.36, B represents a measure of the correlations between neighboring bilayers, and C is an overall constant representative of the nonmagnetic background. The scan along L illustrates that the broad enhancement near L ∼ 1.7 follows the bilayer structure factor and therefore corresponds to antiferromagnetically correlated spins between neighboring CuO 2 planes. We find no measurable enhancement at L=0 indicating the absence of ferromagnetic correlations between neighboring CuO 2 layers. This result contrasts with that previously reported in more heavily doped YBCO 6.5 .
20 Because the enhancement itself follows the same pattern in L as the bilayer structure factor, it follows that the field induced spin changes lie within the bilayers and any role for spins in the chains is excluded.
In our previous analysis and experiments at larger energy transfers (E ∼ 2.5 meV above the peak in the broad inelastic response) 23 we did not require a term representing correlations between neighboring bilayers and found the data to be well described by the above expression with B=0. Scans at energy transfers below the broad maximum at ∼ 2 meV in the inelastic response illustrate the presence of stronger bilayer correlations. Despite the fractional increase of ∼ 10 % in the low-energy spectral weight on application of a magnetic field, we observed no significant change in the elastic intensity within a sensi- 
IV. YBCO6.33, Tc=8 K, µ0H=6 T [001] -NORMAL STATE
We now present results for YBCO 6.33 (T c =8 K) in a horizontal field along the [001] axis. This sample has a lower hole doping and a lower superconducting transition temperature than the sample discussed above. Through having the field aligned along the c axis and with the lower T c we are now able to suppress entirely the superconducting order parameter. The measurements were taken on the FLEX cold triple-axis spectrometer with a 6 T field aligned along the [001] axis. We first present data on the elastic scattering and then the dynamics probed through inelastic scattering.
A. Elastic Scattering
The effect of a magnetic field on the elastic scattering, which arises from correlations that fluctuate on a timescale longer than τ ∼ 2h/δE ∼ 30 ps, is shown in and 6 T applied along the c axis. A background measured at 80 K has been subtracted. The peak temperature dependence at 0 and 6 T is shown in panel c).
Within our experimental uncertainties (of order 2%) we find no change in the temperature dependence, intensity, or lineshape of the static spin correlations. Based on this analysis, we therefore conclude that in the heavily underdoped regime, suppression of the superconducting order parameter does not have a strong effect on the central peak over the field range studied.
This result contrasts strongly with the behavior of the monolayer LSCO system where, at least near optimal doping, a clear field enhancement is observed. 10, 12 The relative enhancement, characterised by I(H)/I(0) − 1, in all experiments in the monolayer cuprates range from 0.1 (for stage-6 La 2 CuO 4+y ) to 1.5 (in La 1.895 Sr 0.105 CuO 4 ) for fields up to 15 T applied along the c-axis. The experiment presented here is certainly sensitive enough to detect changes of the order measured in the monolayer cuprates. We note that H c2 for those experiments was ∼ 30 T. 
B. Inelastic Scattering
The effect of the 6 T magnetic field along [001] on the low-energy fluctuations of the Cu 2+ is plotted in Fig.  5 . The zero field spectrum below 2 meV is shown in panel a). The data was obtained by fixing Q and scanning energy transfer at Q=(1/2,1/2,2.0) while using scans at Q=(0.7,0.7,2.0) and (0.3,0.3,2.0) as the background. This method of background subtraction is similar to that used in studying YBCO 6.35 (Refs. 21,23) at zero field and has been confirmed through the use of constant energy scans at a series of energies.
The low-energy spectrum is qualitatively and quantitatively very similar to that observed in YBCO 6.35 with its higher superconducting transition temperature of 18 K. The zero field spin fluctuations display a suppression of scattering at low energies and a broad inelastic peak ∼ 2 meV. A central peak is also observed centered at the elastic line and has been shown previously to display longer correlation lengths than the more heavily doped YBCO 6.35 .
On application of a 6 T magnetic field along the c axis, we observe an enhancement of the spin fluctuations at an energy transfer of ∼ 0.6 meV (panel b). The relative change in the magnetic intensity is I(H)/I(0) − 1 ∼ 0.1 which is comparable to the changes observed both in the elastic and inelastic channels in the monolayer systems discussed above. The energy scale of ∼ 0.6 meV matches the expected Zeeman splitting for a Cu 2+ free spin of 0.66 meV. The relative change and energy scale in YBCO 6.33 (T c =8 K) is similar to that measured in YBCO 6.35 (T c =18 K) indicating that the energy is almost independent of doping. It also accords with our estimate that the magnetization along the c axis in both experiments is very similar. Also, as in the YBCO 6.35 experiment, the field induced resonant excitation has a finite lifetime since it is broader than the resolution bar in Fig. 5 .
V. DISCUSSION AND CONCLUSIONS
We have investigated the elastic and inelastic response of the Cu 2+ spins in superconducting YBCO 6.35 (T c =18 K) and YBCO 6.33 (T c =8 K) to a magnetic field both within the vortex and normal states. In both phases, we find an enhancement of spectral weight at energy transfers comparable with the Zeeman energy of ∼ 0.66 meV. The relative change in the magnetic intensity is I(H)/I(0) − 1 ∼ 0.1 in both experiments conducted within the vortex and normal phases. We do not observe a magnetic field response of the elastic central peak neither in the normal nor vortex states.
In terms of interpreting the inelastic enhancement, it is interesting to review Ref. 40 in which 10 T affects the inelastic scattering from nearly optimally doped La 0.88 Sr 0.12 CuO 4 . Tranquada et al. report a filling in of scattering below an energy transfer of 9 meV and interpret this as evidence for an incommensurate resonance at 9 meV. A similar experiment described in Ref. 41 on La 1.895 Sr 0.105 CuO 4 reports a filling in of spectral weight at low energies on application of a magnetic field. This result was taken as evidence for the presence of a renormalized spin-gap. It is difficult to apply the same reasoning to the field-induced filling in of the spectrum of YBCO 6.35 (T c =18 K) and YBCO 6.33 (T c =8 K) since we observe the same effect with the same energy scale and magnitude in intensity both within the vortex and normal state for a given magnetization along [001]. This similar behavior within vortex and normal states implies the enhancement is not directly driven by superconductivity. It also suggests that the broad peak at ∼ 2 meV in heavily underdoped YBCO 6+x is not a resonance peak in analogy to heavily doped YBCO 6+x . Rather, we think of it as the excitation spectrum of a frozen glass.
Confirming this point, it is not possible to associate the enhanced low-energy fluctuations with the S=1 character theoretically predicted to describe the resonance peak. In an applied magnetic field, an S=1 state should split into three peaks separated by the Zeeman energy of ∼ 0.11 meV/T. This effect is most readily obseved in quantum dimer systems such as PHCC (Ref. 42) , CuGeO 3 (Ref. 43) , and (Tl,K)CuCl 3 (Ref. 44) . In underdoped YBCO 6+x , we do not observe such a triplet splitting but rather an enhancement at a particular energy. The energy scale of the enhanced scattering matches the expected Zeeman energy both in the vortex and normal states. Since the field only penetrates along c, the field on the spins should be the same for YBCO 6.35 (T c =18 K) at 11 T in the a − b plane and YBCO 6.33 (T c =8 K) at 6 T along the c direction. The presence of a single excitation which scales with the Zeeman energy implies that the spins causing this excitation have effectively no molecular field and are free spins. Such a situation could arise from spins located near a broken exchange path resulting from the presence of a hole rich region. However, since the momentum dependence is the same as the zero field case, the spins must be weakly coupled in a manner similar to the undoped case. The enhanced fluctuations respond as if the spins were free in terms of energy, yet bound in momentum.
We now discuss the lack of any field effect at the elastic energy. Given that the field effect in the monolayer cuprates has been interpreted in terms of a competition between superconducting and antiferromagnetic order parameters, it is most relevant to consider experiments conducted on superconducting and metallic samples. No strong field effect on the elastic correlations has been reported in underdoped superconducting La 1−x Ba x CuO 4 (LBCO) with x=0.095 (Ref. 13 ) while a distinct magnetic field response has been observed in LSCO, La 2 CuO 4+y , and in more heavily doped LBCO with x=0.12 45 . It is interesting that all reported magnetic field effects in the monolayer cuprates have been in samples where weak static correlations have been observed in the heavily doped regime (typically p ∼ 0.1). It may be that in the case of heavily underdoped YBCO and also in LBCO, the local antiferromagnetic order is very strong as demonstrated by the significantly long correlation lengths in the a−b plane and the substantial ordered moment at the elastic energy as described in Ref. 23 . The energy scale associated with the static spins (described by the central peak) can be expected to be similar to the exchange constant J ∼ 100 meV and is much greater than the energy scale of the applied field. Therefore, the magnetic field (with an energy scale of ∼ 0.6 meV) is expected to have little effect on the statically ordered regions of spins characterized by the central peak.
The issue of microscopic coexistence or phase separation may also be important in the monolayer cuprates. As noted in Ref. 13 In underdoped YBCO 6+x , the static frozen spins appear to be rigid with no evidence for any spin-flopping with the moment direction orienting perpendicular to the applied field. If such a situation existed, we would expect an increase in the intensity at Q=(1/2,1/2,2) of about 10 %, easily observable in our experiment. Therefore, the static spins are rigidly fixed by internal fields. This strong static glassy internal field may provide an explanation for the apparent decoupling (ie. no anomaly at T c ) of the central peak from superconductivity in the heavily underdoped regime.
Our magnetic field results may be understood in terms of a magnetic ground state composed of regions of antiferromagnetic clusters surrounded by hole (or charge) rich regions. The elastic central peak is characterized by the locally ordered glassy spins in the cluster and we speculate that it is the weakly coupled spins located near the edge of the cluster that give rise to the resonant enhancement of the spin excitations in an applied field. We have previously suggested a similar model (Refs. 21,23) where local antiferromagnetic regions are formed (within the correlation range) separated by metallic regions. This model connects with the one-dimensional stripe structure postulated for LSCO and the nickelates. 48, 49, 50, 51, 52 This result also connects with µSR studies on YBCO and LSCO that have found evidence for microscopic inhomogeneous superconductivity and multiple transitions or characteristic temperatures. 46, 53 This model is different than a trivial phase separation of insulating and metallic regions. If a simple phase separation model were to be invoked, we would expect two distinct spectra -one mimicking the antiferromagnetic insulator with long-ranged antiferromagnetic correlations and one representative of the superconductor. We note that the inelastic response in underdoped YBCO 6+x is continuous with energy and temperature, with conservation of spin, and a simple phase separation model of antiferromagnetic and superconducting regions is inconsistent with the available data.
It is worth connecting the ideas here of weakly coupled spins to the behavior of one-dimensional systems with impurity induced edge states. Similar filling in of gap states has been observed in the Haldane system Y 2 BaNi 1−x Mg x O 5 as well as in the singlet ground state system SrCu 2−x Mg x (BO 3 ) 2 . The phenomena is associated with edge states (or states near broken chains) introduced through the chemical dopants. 54, 55 Disorder related effects have also been observed in Mg doped CuGeO 3 where static spin correlations are enhanced as a result of the introduction of weakly bound states from chemical doping. 56 All of these experiments associated the magnetic field induced effects with weakly coupled spins introduced through chemical disorder which break singlet ground states. We suggest that the magnetic field enhanced spin fluctuations arise from similar physics to the case of doped one dimensional systems.
In conclusion, we observe a magnetic field induced enhancement of the low-energy spin fluctuations in heavily underdoped YBCO 6+x . Through a comparison of results obtained in the normal and vortex states, we conclude that the enhancement is the result of magnetization of weakly coupled spins and not directly related to the suppression of the superconducting order parameter.
Endnote: While this paper was submitted to Physical Review, a paper appeared on the arXiv (condmat:0902.3335 by Haug et. al.) reporting field effects in YBa 2 Cu 3 O 6.45 with a larger T c = 35 K. Elastic field enhancement occurs unlike the elastic field independence we report for very underdoped YBCO 6+x . There is no evidence for Zeeman enhancement of free spins, but only a broad and subtle spectral suppression at larger energies.
